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Summary
Phase Separation and Superconductivity ir. [.asCuQg44 §: Effects of Oxygen Diflusion

Bulk magnetization measurements in oxygen anncaled LajyCuQg4.§ shows an increase of
superconducting transition temperature T when the sample is slowly cooled through 195K.
1391.a NQR has been performed on this sample to examine the structural changes accompanying
this phenomena. Data shows an appearance ol an unusual feature in the spectra exhiliting a large
distribution of local structures in the vicinity of lanthanum sites.  The volume fraction of this
anomalous structure increases with the cooling rate. These results are interpreted in terms of
oxvuen diffusing through the phase separated sample whose diffusion time is comparable to the
cooling time. A picture consistent with the observed behavior of T with annealing temperature is
obtained. The activation energy of the dilfusion process derived from this model is in agreement
with that obtained from direct measurements using oxygen (racers.



PHASE SEPARATION AND SUPERCONDUCTIVITY IN
LaCuQ445: EFFECTS OF OXYGEN DIFFUSION
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ABSTRACT

In oxy pen-antcaled 1a, CuO) (& 0.00), bulk mapnetization measurements show an iacrease o 4K in the supercomducting T,
when the sample 18 couled ..l.-“f_\ through a namow temprerature range near 195K, At this temperature, ™[ a NOR spectra exhibit a
vonconulant appearunee of an anomalous feature aksociated with the metatlic phase whose spectral weipht increares with couoling
rate. ‘The data wuggests a distribution of Jocal structures and annealing-dependent volume fraction on this part of the sample,  Inter-
pretation of these restlts in terma of oxygen diffuion in s phase separated o ol in considered and » picture conkistent with the ob-
rerved changes in 77, is obained  Other posible origing of these anomal, - e pole they play in determining the supercomdudting
properticx ol this kystem are discuaal.

Aevwordy NQRONMR, high-7; supereonductis ity local sivctires, phase separation, ovvgen mobility, La Cut)

INTRODUCTION

Despite the numerous theoretical and experimental advances suggesting magnetism as the
dominant mechanism ia the superconductivity of the cuprates, it remains an open question whether
the structural instability in these compounds provides the underlying framework.! Structural features
with unusual behinviors may hold clues vital (o the understanding of novel propertics of these maten -
als; a study of strncwural aspeets in the supercondu. nng, oxides is vers important.  Recently, the
enistence of new superconducting phases in high-pressure oxypen-anneabed La,Cu€),y o has been ie-
ported.? where thiee superconducting onsets were found depending on the cooling process.  Such
thernial history dependent 75 is also exhibited by other cuprates where o sipnificant number of oxygen
vaancies are present or the oxygen stoichiomeny is not optimum for superconductiviiy . ¥ |Local
stractural arsmpement of oxypen among the speahic sites auxiliary o the Ca O, planes has been
i ohed 10 expliam these effects For example, in osyvpen-deheent YHa,Co O, aninercase in 7 of
0 20K has been obsenyedaifter vanous anncaling ttmes at toom temperatm. ' ' 1 was sappested tha
dunng the anncal, Tocal otdermyg of oxy pen on the i sites aptimizes the number of hole canicrs in
the planes and thas 7. The mechanism for the changes 7, i the ense of oxypen annealed
La,CuO) s ess dlear, bt ar was suppested that the phase separition process in this system plavs a
ol

Phase separation in L, CoO o amvolves sepgepation of the v ess onypen mto two macio
scopie pliises below a chardtenste teomperature I One phase resembles the nearly storchiometne
isnbatmy patenal whiclhos poor i osvgen (50 00 and antiferomagnetic The other plase con
tunme the excess onapen (o 006) s metalle and supercomductng The eseess osypen s imeorpo.
tated o intersnteal Fathiee posttions between the L O Bavers amd tetiahcdiathy coordmated by fom
Fa atoms M 1 stimaes based on KA and NOR data show that apon e completion of the plase
sepaatation process, the mmomnt of excess oxvpen e cach orion renins conskmt down o low
emperannes "I spite ol 1ke diflerences an the pronnd skt propetties and oo o content, botly

phases have closels reBited orthodiombne strocees

O shidies on b gquatn TaaCoO) o 000 saimples reveated that e supercondac g
tansthon depends comcathe on the cite e windch the sample s coonled throneh 195k ad that the



T,'s can vary by more than 4K depending on the cooling rate. We have employed 'Y°La NQR to
scarch for accompanying structural changes occuring in the crucial cooling regime. A preliminary
rcport of these results and related studies have appeared elsewhere.!! 13 T'his paper presents new
analysis in terms of oxygen diffusion in the phase scparated compound consistent with the observed

thermal history dependent 7.

EXPERIMENT

Samples of superconducting 1.a,CuQy, 4 were made from crushed crystals ol nearly stoi-
chiometric La,CuQy, 5 that were oxidized in a 3 kbar oxygen atmosphere at 575°C for 12 hours. Es-
timates of the average oxygen composition bascd on similarly prepared crystals give 8§ ~ 0.03 (Ref
10). D. C. susceptibility and superconducting transition tempetatures (7,) were determined by a
Quantum Design SQUID mage<tometer. and their dependence on the cooling rale was studied

svstematically. The iuset of fig. 1 shows the
thermal sequences used to locate the critical
cooling regime necessary for ophonim 7,
Initially, the sample was rapidh - weched
from room tempernture to SK amd 7/, was
measured upon warming.  Then, for cach
20K miterval between 250K to 1S0K, the
sample was slow-cooled af an average rate of
O0.IK/min, followed by a rapid (~3K/min)
cool 10 SK and 7. was measured again upon
wirrming up  For all these measurements,
the sample i cooled at scro ficld and 7, was
measured with an applied field of 10 ¢, For
the NOR measurements. fast cool runs were
carried out by pumping liquid helium inlo
the sample crvostt throus . capillary, cool-
mp (he sample al an average e of
SSK/mn, whereas a slow cool run was a
temperiatre controller-repulated cool down
it 0 15SK/min The NOR spectra were taken
onthe 17/2 ¢ 152 transition using a pulsed
NMR spectiometer Iy sweeping the  fre-
quency with i calibrated sipnal somce or by
kg the Foanner tnmsform of the spin-
ccho The spectia were hted 02
Lorentzian funchon (o determne the center
peak fiequencies The centrond Trequencics
were  aileulted  for the bioad non-
Lorentzaan hines
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supcrconducting transition widths, defined by 20- 80%
points on the susceptibility curve remain hirly narrow for
cach cooling scquence. averaging at about 4.2K° with less
than 1K® variation. This indicales a macroscopically uni-
form supcrconducting phase. In Fig. 2, the superconducting
transitions, determined from the midpoints of the suscep-
tibility curve are plotied as a function of the temperature
interval within which the sample was slow cooled, This in-
terval is indicated by the horizontal crror bar.  The vertical
crror bar denotes the transition widith. The quenched
samples prodice 7, of ~25K. The highest bulk 7, of 29.6K
is achicved for the slow cooling range between 2 10-190K
but is slightly reduced for the 190--170K range. From this
we cstimate that the critical cooling range which optimizes
T, is 195E10K. The striking feature is that anncaling at
temperatures higher than 210K actually produces a lower 7,
if onc then passes rapidly through the critical lemperature
band. This suggests that a change occurs around 200K
which requires some time to proceed to the optimum condi-
tion. We found that the material with optimal 7, can also
be produced by imnealing the sample at 195K for at least 20
minutes. longer anneals produce identical 7.  Assuming
this anncal is equivalent to slow-cooling through 195E10K
over 20 nunntes, one gels a rough estimate of the optimal
cooling 1.t of - IK/min for the hiph 7, phase. We note that
this critical iemperature is much below the phase separation
temperature, 7. ~ 250K, and more importantly . slow-
cooling throngh 7. docs not optimize 7. These results are
completely repraducible and cach step in the pricess is in-
dependent of any previous thermal history:,

Nuclear quadrupole resonance spectra

Undethving structural cffects that mipght accompany  the
obseryed phenomenon cin be ime eated using 'Y no-
clear quadrupole resonance (NOIZ) spectroscopy OR
sensitively probes the local charpe distubution atound 4 nu-
cleus and provides an escellent ool for studving the clee-
tronic, magnetic, and strpetural properties of soluls The
niclear resomance is poniinly detcrmined by the nnclan
(|l|'|(l||||mlc mosent O and the electnn Ticld pradient (),
i, ? - where 17is the electrostatic potential at the
e Iv.u site ' The envstalline FEG interacts with the quad-
vupole moment of the probe nuclens and aliers the encerpey of
vinons nuclea spin states  Inzeto magenct Geld and FEG
of vl svmmetey, the quadiupole TEmiltontan pives tse (o
miclem enerpy levels depenermte i vm
the spin /7700 and
[ PAR N IYN | VAR TR
where 1, i the quadiupole riequeney which e propottional
to the prodhict of the FFG and €0 A pertimbings extermal (o

mteroal) niwenehie fweld 71 wemes o us dereneticy, whieh
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E, = E°_+ myhH cos 6,

where yis the nuclear gyromagnetic ratio and fis the angle betveen the field and the principal sym-
metry axis of the EFG. In stoichiometric La,CuQ,, there exists a single uniquc La crystallographic
site. For the £7/2 « +5/2 (ransition, a single peak in the NQR spectrum is expected in the metallic
phase corresponding to this site, whereas in the AF phase below the Néel temperature Ty, the pres-
ence of a dipolar or transferred hyperfine field from ordered Cu?* moments gives risc to a doublet
(sec inset, Fig. 3). The doublet arises from the splitting of the otherwise degencrate leve's and not
from the opposing sublattice magnetization.

In fig. 3 we show the evolution of 13%La spectra for the 7/2 «> +5/2 transition through the
phase separation temperature, Tp_ ~ 250K, Above this temperature, only a single lanthanum peak is
observed indicating a uniform mciallic phase. Below T, two peaks originating from the antiferro-
magnetic phase develop without broadening of the original metallic line. The coexistence of these
lines is an excellent and unambiguous demonstration that the sample undergoes phase segregation.
This behavior is entirely reversible, implying that the phase separation process is an equilibrium phe-
nomenon. It is important to notc that the metallic line was never vbserved in the parent compound (5
~ 0) below 7y Interestingly, the quadrupole frequencies extracted from the data are identical in both
phases. This is indicative of the fact that although one phase is devoid of cxcess oxygen, the underly-
ing lncal structure surrounding the lanthanums does not change drastically after phasc separation
occurs. The tempcrature dependence of the splitting of the AF peaks extrapolates to an cffective Néel
temperature not very far from 7, Ty~ 7,

At lower temperatures (not shown), the relative intensity of the central peak metallic line
decrcases monotonically down to ~ 160K where it becomes independent of temperature, corresponding
(o about 5-10% of the total NQR signal. Although not obviously visible a1 4.2K, its existence is re-
quired to adequaltcly fit the spectrum. Evidence for its existence at low temperatures is the observa-
tion by othcr workers!? 1® of a La NQR signal at 6.3 MHz corresponding to +3/2 «» +1/2 transition,
consistent with the signal we observed  This signal was n<eociated with the metallic phase since it is
abscnt 1n undoped samples.

Further scrutiny of the NQR spcctra at low temperatures reveals that the inetallic line evolves
into a broad non-lLorentzian feature at lower frequencics (Fig. 4). This broad line is cbsent in the
parent compound . The large width of this
feature indicates that a significant nimber of
lanthanum sites experience a broad distribu-
tion of EFG's. This signal becomes visible
only below 200K and grows stronger rapidly
as fcmperature iy decicased.  Below ~160K,
its inegrated intensity is roughly constant
and constitutes n faitly Erpe portion (about

\g ™

La,CuO, ,,
4.2

fnst coal ]
50%0) of the total inc vy Fig. 4 shows the
elow coal cffect of the slow and [ast cooling on Ihe
spectin at 42K The data are normalized
r-—‘—"‘”"'" e such that the total integrated nrca of both
Ny - . O spectra are equal, e the total number of
16 1] H

muclei are conserved. "7 We found that for
the fist cool, the total fractional volume of
the metallic phase (the . ntral peak and the
broad feature) shows a 10”4 increase over its
Tog 4 Lasedtiaat 4 2K b slow sl fast cood iuon The dats are Value for the slow cool, with the correspond-
novmialu ed apgminat the tal atea No coanection due to 1'| has heen i"“ tectense in the imfensity of the ant’ rro-
ke (1ee ferl) mapnctic lines.

Frenuency (MHz)



DISCUSSION
NOR spectra and interstitial oxyvaen

NQR is a local probe scnsitive to structural distortions from the average local positions over
length scale of a few latticc constants. Although the NQR data are not sufTicirnt (o dctermine the
exacl local structure in the vicinity of the La probe, the obscrvation that changes in the NQR spectra
accompany the changes that we observe in 7, lead us to bricfly consider some situations where details
of oxygen configuration could have an cffect on the La spectra and the superconductivity of La,CuQ,.

The large width of the metallic line at low temperawres indicate a considerable distribution
in the clectric ficld gradient (EFG) at the La probe sile. One may speculate that this distribution re-
sults from the incorporation of interstitial oxvgen between the La-O lavers causing huge lattice dis-
tortions and variations in the ionic charges of the atoms in the layer. However, (his hypothesis is
inconsistent with the following arguments. Using a point charge model,!” we calculated the EFG's at
L.a sites due to an interstitial oxygen and found that an excess oxygen greatly affects only its nearcst
necighbor lanthanums such that they woeuld experience 2-3 times the EFG (and hence its resonance
frequency) that it would have if the oxypen were absenl. Qbviously, due to the substantial distortion
of the local lattice in the immediate viciaity of an interstitial oxvgen, (hesc lanthanum nuclei around
cxcess oxypen sites arc completch <ol off-scale, and the most distant nuclei arc not dircctly af-
fected.  Only thosc lanthanums whio b are farther away from anyv excess oxveen are seen in the
spectra. Because the excess oxygen is ey dilute in these samples, only about 10% of these La nuclei
arc affected.  Thus, the distribution of local EFG's indicated by the width of the metallic line cannot
be simply due to the presence of the interstitinl oxygen. rather. some modification of struciure result-
ing from the introduction of excess holes by these oxygens must be considered.

Perovskites are known 10 have an inherent instability towards Cu(),, octahedral tilting which
is the system’s response 1o relicve the local strains cansed by bond Iength mismatches among various
atoms. This has been observed in a number of high 7., oxides.2 A distribution of the tilt angle of
these octahedra as well as a distribution of Cu-apical oxypen bond lengths would also explain the
broadening of the metallic line. Our NMR results?!-22 from oxypenated single erystal of LayCuQ, 4
show the development of a tlt of the EFG at the L site as the sample is cooled below 200K
Whether the tilts of the EFG anes are caused by the octahedial tilis disectly, or indirectly. vin subse-
quent changes m the La-apical oxygen distances the evolution of the NMR spectra is consistent with
the change in the degree of these EFG tilts, A substantial distribution of these tilts effectively pro-

duces i number of incquivalent La sites that could account for observed larpe ishomopgeneity in the
NOR line,

One sappoting: evidence (i oveess oadypen e not responsible for the anomaly i the 1
spectia s from the copper NOR in the same compound — We observed that the Cn NOR spectinm
exlubnis two distinct copper sies i the metallic phase, in contrast 10 the sinple site expected on the
basis of envstallopaphy ¥4 This s essentially adentcl with what is seen 1 Ly Nt Cul), smples?!
where ocomplete eovstallopraphic site sabstitution of St for La, as opposed (o intesstitial oceupation
asan osyvpen. ocas The quadipole frequencs estiacted from the data aerees vens well in both
componids  This simbanty s fughiv onoseal and not espected to result from the iwo sinelar cnystal-
lopgraphie sites that are only chinpe-differeniaited by cither the oxvpen o strontnnme neyphbors
Hather the feae which distigishes the second copper sile et e come mon to both malerials and
iddependent of the detinled methesd of dopangy This resalt theretons sapgrests thal the doped holes doe
0 these dopamts iue pomary contubators to itonsie ihomogencity i the local stiuctme ol this
componnd

Pluse separation cund oy e diffusion



We notc that the temperature ar which the broad metallic feature begins to appear (~2M0K) is
the same temperdture through which slow cooling optimises 7. Together with the observed increase
of the volume fraction of the metallic phase for fast-cooling, these important results suggest tiat the
relative concentration of the two coexisting phases have a special significance to the clectronic prop-
crtics of the system which may be connected (o superconductivity.

Our data shows that the final low temperature oxygen configuration within the sample is de-
pendent on the cooling rate through 195:10K, This requires a rapid loss in the mobility of excess
oxyvgen below ~200K.  Such freezing of oxygen motion can be effectively probed by the La spin-
lattice relaxation (7). We have determined previonsly!! that at high tcmperatures, the La relaxation
is nol magnetic but rather quadrupolar in origin. caused by fluctuations in the clectric ficld gradient
duce to the hopping motion of the oxygens, This is reasonable since the highly maobile excess oxygen
alters a L.a--O bond distance considerably and the EFG is strongly affected. The measured tempera-
ture dependence of the La relaxation rate. details of which are discussed clsewhere,2? shows a1 maxi-
mum at ~2 10K at nuclear Larmor frequency 33 = 50 Mz A maximum in 1/7} is expected (o occur
when 1y is comparable the inverse correlation time of the hopping motion. Our calculations from
this data, using the activation energy of 1.13.L0,12 ¢V obtained from '*O diffusion measurements™ in
Lay ,Sr,CuQy .. suggest that by 1ROK. it would take an average of IR minutes for the excess oxygen
to travel the ~T000A (Ref. 9) distance required to form metallic domains. Tlus is in agrecment with
the obscrved critical rate necessan for producing the phase with opnmal 7. 1t is important to notc

that the oxygens are unexpectedis tizhly mobile at and cyven below The and their mobilily docs not
diminish until - [ROK.

This result allows us to consider an interpretation of the 7, data in terms of the phase
scparation process. oxypeen mobility and the observed volume change in the metallic phase as a func-
tion of cooling ratc. ‘The temperiture dependence of the excess oxygen content in the insulating and
metallic phases during the phase separation process have been determined by Hanunel and co-work-
ers'l using 170 NMR Knight shifts and La NQR data. The resulting phasc dingra.» ®' reproduced in
fig. o, shows a miscibility pap opening discontinuously below 'I'I“ = 2SOK. A1 abvnl 200K and below
the excess oxyveen confent & in cich region of the sample remains constant, onasient with the freez-
mg of oxygen motion ‘There is a regime 200 < 7 <. 250K where the excess o0 een concentration in
the metallic phase has a strong temperature dependence within which the osyvpens must migrate
cnouph distance in order to form the metallic doneins in a time determined by us diffusion rate. For
a sufficiently high cooling rate, it is then pos-
sible for the system o freesze in a state with o
m non-cquilibrium concentration of oxygen in
v Metake the metallic pliase'! and consequently pive :
N Tl A less than optimal amount of hole doping for
non) M & bt oo oty superconductivity. In other words, cmui.kr a
™ , ciase where the sample 18 quenched  Trom
g ) aenn oom  (cmperaiie. o vy low iem-
Ao .

8(1) ' o ' u:u . n;r-

. _ D %
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N perature Initiathy e mitformly
v distobuted and the  oople o metallic. When
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st fo seprepale Lo This process is so
slow and the coolimy rate is very st the oy
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e o oo onvgen phase dimam of specondinime. femperiatiee The ssslem ends up having
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excess oxygens remains metallic. In the phasc diagram of fig. 6. the linc corresponding to the metal-
lic & would be shified toward a smaller value. On the other hand, il the samplc is slow cooled or is
anncaled just above the freczc-ont, more cificient scgregation would take place. Larger AF domains
and smaller metallic regions are formed. The smaller metallic regions contain most of the oxygens.
Conscquently. a larger concentration of holes arc doped into this phase and this leads to a higher 7,..
Thus, the metallic phasc with higher 7', occupics a smaller volume. Our cstimate for the change in &
given the measured volume change from the La spectra is A8 = 0.009. This can be roughly translated
lo a change in 7, using thc known dependence of 7, on hole concentration in La, Sr CuQy (Refs. 32
and 33) and assuming linear correspondence between 8 and x.  We obtained AT, ~ 55K, in clesc
agreement with the measured vilue of ~4.6K.

SUMMARY

In summary, !3?La NQR spectroscopy has clearly demonstrated that phase scparation occurs
in oxygen-anncaled superconducting La,CuO,, 5 and provided clucs to understanding the cffects of
the cooling ratc on the local structures of this compound. We observed the appearance of a spectral
anomaly in the lanthannm {ines coming from the metallic phase, but which appears only below 2(0K.
Modeling of the NOR spectrum for random distributions of interstitial oxy gen as well as local struc-
tural distortions imolving CuQ, octahedra had shown that NOR frequency shifts that were observed
for the metalllic sites cannot be explained by the pioscnce of the oxygen in the interstitial sites. The
obscrved inhomogencity in structure is nol a manifestation o a local distortion around interstitial
oxvgen but riather an intrinsic responsc of the system to the presence of holes doped by these nxygens.

e superconducting transitions vary by morc (han 4K and show a strong sensitivity o
cooling 1ate in the temperature regime 195£ 10K, the same temperature where the anomalous feature
in the '"La NQR appears. Thz data also indicate a cooling ratc dependence to the metallic volume
fraction. The La relaxation rate data and the excess oxygen phasc diagram suggest that oxyvgen mo-
bility is lost around this temperature.  We have inaorpretated the 7, data based on these results and
found that it is consistent with the fact that the obscerved cooling-rate dependent superconductivity is a
volume effect phenonmienon in which the hole doped into the metallic phase is not optimized for su-
pereonductivity, These results could have profound implications on expetimental measurements of
the physical propertics of this system that are sensitive to amount of hole .+ pwng. These also illus-
trate how a rich variety of physics can be studied where perturbations from hole doping can be varied
without extrinsic modification ol the sample compaosition.

ACKNOWLEDGMENTS

We are prateful to R H HefMaer and B, Bilchaer for stimulating discussions. Work at Los Alanmos
was perfonmed under the auspices of (he U S Department of Encrpy,

REFFRENCES

! Prewent Nbiliess Aines Taloratony, Lowa Stade Unversts, A lowa S04 L

L e ho ecvmpde, s proseedmps

SN Onla e AT Y amada, Phivsiea © 170 (1991) 18K

VIO N eal Yo AT Paulihas, T She Y Fame 1 W Donaiwer, Plns Reyn B2, (10901 '

1D bgrereen, Slusons PRI Dbl Hlaa SHE A P Paubikas, and 1TEW Veal Phvaca C ta " oinniny 8 71

AW O hwat PoBdet, T Cappons, € Challont, T Clepavas, M Godhinlws, B0 Howar 1 Tlodean, omd A AMavezio,
Plnwpe a 7 1%6 (1URK 1)

P Gaelmer TENT OFivan BN Lastnac b, and 8 ha, Phiveca € 178 B0 )1 18

IO keemer, ) Soponnd, - Hvhnvabon T Hentach, v Simen, RO Muller, and M Nehings 2 Pl 1 Condensed Mol
NG [ )L

PoRuder, 1'% Muolples, 1D sdey ROT Bevion, DD Yates, T ALaltiz, and 1A Vil Phavsgea ©C 128 01



21D Jorgenaen, 13. Dabrowski, 8. Pei. D. G. Ilinky, L. Sederholm, B. Morosin, J. E. Schirber, F. L. Venturini, 1D, 8. Ginley. Phys.

10

Rev. 1) 38(19RR)11337.
C. Chaillout. S-W. Cheong, 7. Fisk, %1, 5. Lehmann, M. Marezio, . Morasin. and J. E. Schirber, Physica € 158(1989)18),

1 p. ¢ Hammal et al, Procecdings of the Intemational School on Phase Separation in Cuprate Superconductors (Frice, ltaly), ed.

14

K. A Maller ( World Scientific.Singapore)1992.

A Reves, E.T. Ahrens, I C. Hammel, J. 1. Thonpson.P. €. Canticld, 7. Fisk, R. II Ileffner, J. E. Schirber. 1. Appl. Phys.
73(1993).

E.T. Ahrems, A P.Reyes, P. C. Hammel_ J. D, Thampson, P. C. Canficld, 7. Fisk, 1. I Schirber, Physica (. to be published.

P. C. llammel, E. T. Ahrene, A I' Reves. R, L Ilefiner. P, C. Canficld, S-W Cheong, Z. Fisk, J. . Schirber, Physica C 185-
189(1991)1095.

T. I Das apd E. I. Hahn, Nuclear Quadrupole resonance Spectroscopy. Sol. St Phys. Suppl. 1, (Academic Presa.New
York)1958.

*Duc (0 large width of the metallic line, accurate measurements of the relaxation rates (1/7) and 1.T) become prohibitive, so that

IR
1v

-
-

21

29
LD
M
n
n

the dala are not comrected for their effects on these apactra. Even though T is not expected to change with cooling rate, the data
are taken with long enovgh delay time (much greater than the expected 7)) between signal averaging sequences. T is less
likely 1o change with cooling rate.

The value of the Iow femperature axygen content along the metallic houndary: in the diagram on p.143 of Ref. 11 should be posi-
tionedat § 0,063,

I'. Kohayashi, 8. Wada, K. Shibutani. R. Ogawa, J. Phys, Soc, Ipn. 88(1989)31497.

K. Ueda, T. Sugata, Y. Kohori, T. Kohara, Y.Oda, M. Yamada, S. Kashiwai, M. Motoyama, Sol. St. Coomnun, 73(1990 49,
“IMin approximation ix weil justificd by the close association of the present compoud to its insulaling parent., where the dominant
contribution lo the EFG is twe ionic lultice rather than the unlilled cledronic orbital,

see for example, M. K. Crawtord, W. E. Fammeth, R. L Tarlow, F. A\ McCarron. R. Miao. 1. Chou, and Q. Tluang, Lattive Ef-
fects in High-Te Superconductons, id. by Y. Bar-Yam, World Scic e Pub. Singapore, 1992,

P. C. llanmwl, A. P. Reves, 7 Fish, M. Takigawa, J. ). Thompsen, B 1L Heflier, S-W Chesng. | J. E. Schirdwer, Phys. Rev. B
J2(190)6TR] .

P. C. 1lammel et al. Phys. Rev. I ot 10 e published.

3 ¥, Q. Song et ol Phys. Rev, B. 4401 117189,

K. Kumagai. Y. Nahamura, |. Watanalw, I1. Nahajima, 7. Nawrforeh 450 "990433.

= 11 Ricwemwier, Ch. Grabow, F.. W, Schwidt, V. Muller, K. Luders, D, Ric; . - State Comm 64 (1987)309.

T. Egami. I 11 Toby, 8. 1. L. Dillinge, 11 1. Rosenfeld, J. . Jorgermen. 1) ¢ inks, 11 Dabrowski, M. A. Subramanian, M.
K. Craw lind, W. . Fameth, L. M. NMeCarron, Phyuica C 185-109(1991)R67.

M Lang R Ko, A Grauel, ¢ Galbel, F. Steglich, 11 Rietsehel, ‘T Woll, Y. Hidaka, K. Kumagai. Y. Maceno, T, Fujita,
Phys, Rev. Tett 6%(1992HK2

LY Mighori, W, M. Visscher, S, E Ihown, Z Fisk, 8-W Cheong, B Alten, BT, Ahrens, K- A- Kubat-\Lutag 11D, Maynard, Y.

Huang, 12. R Kith, KA. Gillis, 11 K Kim, M 1L W, Chan, Phyx. Rev. B 41(1990)2098,

P C. llamael, 10 be published.

J. 1. Routbort, 8. J. Rothmane I K. Flandermeyer, 1. J. Nowicki, and J. E. Naker, J. Mater, Rex, 3(1988%)1 16.

Thik was Iind suggested (o us by 1. 1), Jorgensen (private communication).

J I3 Torrance, Y. Tokura, A. I Nazzal, A, Iezinge, T, C. Huang. and 8. 8 I, Parkin, Phys. Rev, Latt. 61(1988)1127.
11 Tahagi. T. [do. 8. Ixhibashi. M. Uota, S, Uchida, and Y. ‘Tohura, Phye. Rev. 1340 (1989)2234.

8



